Combined knowledge on the magnitude as well as the orientation of paleo-stress is usually not given. Based on drilling investigations and laboratory experiments, we are able to provide both, constraints on paleo-stress magnitude as well as orientation in the shallow part of the Nankai accretionary wedge at Sites C0001 and C0002 of the Integrated Ocean Drilling Program (IODP) Nankai Trough Seismogenic Zone Experiment (NanTroSEIZE). Slip data of core-scale faults indicate multiple paleo-stress geometries, including normal, strike-slip, and reverse faulting regimes. Combining new and previously obtained results from triaxial compressional tests that constrain internal friction angles at critical state with the paleo-stress inversion results, we examine paleo-stress magnitudes for each stress state at each site. We observe that the paleo-stress magnitude for the normal faulting regime is smaller than that for the reverse faulting regime, although the paleo-stress magnitude for Site C0002 is not well-constrained. The change in stress magnitude may reflect changing horizontal tectonic stresses transmitted to the accretionary wedge from changing friction conditions along the subduction plate interface and in turn may have implications for the evolution of the accretionary wedge and/or the seismic cycle.
Introduction
The state of stress in a subduction zone system exerts important controls on accretionary wedge architecture, intra-wedge fault development, and seismic behaviors along the megathrust plate boundary and splay faults (e.g., Wang and Hu 2006; , Lin et al. 2013; Schumann et al. 2014a ). The critical taper of a wedge is controlled by basal friction, wedge strength, gravitational body forces, and tectonic driving forces. These parameters evolve with time during geological time scale and/or seismic cycling (e.g., Wang and Hu 2006; Lin et al. 2013; Schumann et al. 2014a) .
The contemporary stress state within the shallow portion of an accretionary prism can be obtained by borehole observations (Chang et al. 2010; Zoback et al. 2003) or anelastic strain recovery (ASR) measurements on core samples (e.g., Lin et al. 2007; Wu et al. 2007; Chang et al. 2010; Lin et al. 2015) . At the Nankai trough, recent studies have integrated borehole and ASR results with constraints on material properties to conclude that the stress state for the shallow portion of the wedge is consistent with a normal faulting regime with vertical maximum principal stress (e.g., Byrne et al. 2009; Lin et al. 2015; Kitajima et al. 2017; Oohashi et al. 2017) .
Paleo-stress can be constrained for faults of unknown age by stress (or alternatively strain) inversion methods (e.g., Angelier 1984; Yamaji 2000) . At the Nankai subduction zone, this has been done for older, exhumed parts of the accretionary wedge (Hashimoto et al. 2014 (Hashimoto et al. , 2015 revealing the predominance of normal faulting at the deeper structural level of the Cretaceous accretionary wedge. Lewis et al. (2013) examined the paleo-stress state in the shallow Nankai accretionary wedge by inverting core-scale faults in paleomagnetically reoriented cores. They found stress geometries indicative of normal faulting, but also strike-slip and thrust faulting in the shallow portion of the accretionary wedge. Hashimoto et al. (2015) employed a stress polygon approach that has been used to constrain modern accretionary wedge stress magnitudes (Zoback et al. 2003) , to determine paleo-stress magnitude in cores recovered from the Chelungpu Fault drilling project in Taiwan. They found that normal faulting regimes were characterized by smaller stress magnitudes than those of reverse faulting regimes. The same approach can be applied to the multiple types of paleo-stress regimes in the shallow portion of the Nankai accretionary wedge which Lewis et al. (2013) has revealed.
In this study, we constrain paleo-stress magnitudes at sites C0001 and C0002 by combining paleo-stress inversion results for core-scale faults (i.e., partial stress tensors) with laboratory-derived internal friction values for core samples at critical state. The latter is used specifically to provide constraints on the size of the stress polygons for each faulting regime. Finally, we discuss the implications of the differences in stress magnitude for different faulting regimes in the shallow portion of the Nankai accretionary wedge, especially in the context of plate boundary processes and the seismic cycle.
Structural and stratigraphic setting
The study area is located at the Nankai Trough where the Philippine Sea plate subducts beneath the Amurian plate at a rate of~4.1-6.5 cm/year (Fig. 1a ) (Seno et al. 1993; Miyazaki and Heki 2001; Kimura et al. 2018) . Drilling and coring for the Integrated Ocean Drilling Program (IODP) Nankai Trough Seismogenic Zone Experiment (NanTroSEIZE) have been conducted since 2007 at multiple sites off Kii Peninsula ( Fig. 1a ) (e.g., Tobin et al. 2009; Ashi et al. 2009) . In this study, we have taken advantage of samples from three drilling sites to perform triaxial compression experiments to determine strength characteristics for these sediments at the critical state ( Fig. 1b and Table 1 ). Sediments from the shallower portion of each site are composed of silty clay and clayey silt with interbedded volcanic ash at site C0001; silty clay with a substantial component of calcareous nannofossils, siliceous biogenic debris, and volcanic ash at site C0008; and silt clay, sand, silty sand, and rare volcanic ash at site C0006. In this study, we used silty clay from less than 100 m below seafloor (Table 1 ) from sites C0001, C0006, and C0008 because these materials are thought to reflect typical pre-faulting material properties. The most shallow samples are of Pleistocene age.
Kinematic data of core-scale faults are from sites C0001 (upper slope site) and C0002 (forearc basin site) taken from Lewis et al. (2013) . We have inverted for stress using the method of Yamaji et al. (2006) . Core-observations provide kinematic constraints and indicate a spectrum of fault types, including normal and thrust faults at site C0001, and normal, strike-slip, and thrust faults at site C0002 (see black arrows in Fig. 2) . The fault data come from cores retrieved from 146 to 458 m (Pleistocene to Pliocene in age) and 929-1042 m (mainly Miocene in age) for sites C0001 and C0002, respectively (Lewis et al. 2013 ).
Methods/Experimental

Laboratory experiments
We performed laboratory triaxial compression tests on unfaulted core samples that were selected as being representative of the lithologies that host our fault data set. Two different test types were carried out to establish the mechanical characteristics of these silty clay samples, single step, and pressure stepping compression tests (cf. Stipp et al. 2013) . Cylindrical samples with 50 mm in diameter and approximately 60 mm in length were used for triaxial deformation (Fig. 3) . The standardized sample's height/diameter ratio (H/D ratio) is 2 for axial compression tests (American Society for Testing and Materials (ASTM), D4767). The small H/D ratio of the investigated samples (approximately 1.2) in this study tends to result in slightly higher shear strength (e.g., ASTM, C42/C 42M-03). However, the effect of H/D ratio on shear strength is variable depending on sample composition, consolidation state, and other parameters. Each experiment consists of three different experimental stages: saturation, consolidation, and deformation. In the saturation stage, the samples were subjected to a confining pressure of 300-450 kPa and a pore-fluid/ back pressure of 280-380 kPa to saturate the samples under drained and hydrostatic condition (σ 1 =σ 2 =σ 3 ) for at least 24 h. Confining pressure and pore pressure of the subsequent experimental stages depend on the saturation conditions. In the consolidation stage of the pressure stepping tests, samples were consolidated under hydrostatic condition at 400-500 kPa confining pressure and at a 100 kPa lower back pressure/pore-fluid pressure. In the single step compression tests, confining pressure was at 700 kPa or 1000 kPa for the consolidation and the successive deformation stage (Table 1 ). In the pressure stepping compression tests, confining pressures were applied for three different steps at 400-500 kPa, 700-750 kPa, and 1000 kPa for consolidation and also the successive deformation stages (Table 1) . Consolidation was conducted under drained condition. In the deformation stage, axial displacement and hence deformation was applied under consolidated undrained conditions at a displacement rate of 0.01 mm/min. During deformation, axial displacement, confining pressure, fluid pressure, and axial stress were recorded. Experiments were carried out at room temperature. In the single step tests, axial strain of~35-45% were achieved when the differential stress record has passed peak stress (yield strength) and approached a residual value (critical state). In the pressure stepping tests, axial displacement was stopped just at or before the peak stress in the first two steps, while in the third step deformation was continued passed peak and to residual stress reaching total axial strains of up to4 0% (cf. Stipp et al. 2013) . After each pressure step, a new consolidation stage at the elevated confining pressure level was conducted. Characteristic stress-strain curves are shown in Fig. 4 . Similar results on NanTroSEIZE samples have been presented by Stipp et al. (2013) . The results for samples C0001E11H-1, C0006E8H-1, and C0008A9H-3 are taken from Stipp et al. (2013) Fig. 2 Tangent-lineation plots of core-scale faults shown in lower hemisphere, equal-area projections for each fault type. The center of each arrow indicates the pole to a fault plane, and the black arrow represents the slip direction of the footwall relative to the hanging wall; thus, arrows directed inward toward the center indicate reverse faulting and arrows directed outward toward the primitive circle indicate normal faulting. The directions of the principal stresses are shown by triangles (σ 1 ), diamonds (σ 2 ) and stars (σ 3 ). Gray arrows are model tangent lineations for model faults of the best-fitting inverted stress tensor 
Core-scale fault inversion
We adopted the Hough transform method to invert the core-scale faults for paleo-stress orientations and stress ratio (Yamaji et al. 2006) . The stress ratio is defined as
where σ 1 , σ 2 , and σ 3 are the maximum, intermediate, and minimum principal stress, respectively. This method uses a statistical basis for separating stresses from heterogeneous fault slip data (Yamaji et al. 2006 ). In the case that the number of slip data is very limited as like in this study, it is difficult to find a single optimal solution. The Hough transform method is one of the multiple inversion methods (Yamaji 2000) , which gives multiple solutions picking some faults repeatedly from the total number of faults to form clusters. The Hough transform method would provide the probability for each solution if multiple solutions were obtained, on the basis of the peak height of clusters. In this study, we took the most probable solution as the representative paleo-stress for each fault type at each drilling site. We used the Hough transform inversion software named "him" (http://www.kueps.kyoto-u.ac.jp/~web-bs/k_sato/ software/him.zip) for the processing of fault slip data and peak picker provided with him to detect the most probable solution of stress state.
Results
Results of laboratory experiments
In this study, the relationships between effective mean stress (average of effective axial and confining pressures) and the maximum shear stress (differential stress of σ 1 and σ 3 divided by 2) were examined (Fig. 5) . The results provide absolute strength constraints that we adopt to explore possible stress configurations using stress polygons (e.g., Chang et al. 2010) . Samples were recovered from sites C0001, C0008, and C0006 at the upper slope to frontal thrust zone as described (Table 1) . These samples were collected from a depth range of less than 100 m. Porosity of the samples ranges from 49 to 62% (Table 1) . The results of pressure stepping and single step compression tests are presented in Fig. 5 in black and red curves for each sample, respectively. After starting deformation, differential stress and fluid pressure increase with axial displacement, each test was performed under undrained conditions. The relationship between effective mean stress and the maximum shear stress shows a curved shape due to the increase in fluid pressure. Linear relationships between effective mean stress and the maximum shear stress are observed after the yield point where samples have reached a critical state (Fig. 5) . Slopes at critical state in the maximum shear stress versus mean stress space obtained from the laboratory tests Hashimoto
range between 0.56-0.76 and 0.57-0.81 for single step compression and pressure stepping compression tests, respectively ( Fig. 5 and Table 1 ). The variations in critical slope angles might be controlled by initial micro-scale fabrics (i.e., textures or crystallographic preferred orientations) of sediments as discussed by Schumann et al. (2014b) . The differences between the single step compression and pressure stepping compression tests might also be caused by small variations in sample composition. Alternatively, in the pressure stepping tests, samples were already microstructurally modified within the first and second step by internal deformation even before peak stress. This is, of course, not critical for the single step compression tests. Nevertheless, there are only slight deviations between the data sets of the two different testing procedures, but relatively large variations for each of the two procedures. Based on the data, we used the slope variation at critical state ranging from 0.55 to 0.80 as a representative range for the sediments of the Nankai accretionary wedge. Because the slope variation at critical state shows the same range as the results of Stipp et al. (2013) , we use an internal friction μ of 0.45-0.62, corresponding to 24.6°-28.7°of internal friction angle determined by Stipp et al. (2013) for the construction of the stress polygons as describe below.
Results of core-scale fault inversion analysis
The results of core-scale fault inversion are presented in lower hemisphere equal-area stereoplots for each fault setting and site ( Fig. 2 and Table 2 ). For normal faults at site C0001, vertical σ 1 and ENE horizontal σ 3 with a stress ratio of 0.1652 were obtained. Conversely, vertical σ 3 and NW horizontal σ 1 with a stress ratio of 0.8579 were obtained for thrust faults in C0001 (Fig. 2 and Table 2 ). Similarly, for normal, strike-slip and thrust faults at site C0002, vertical σ 1 and NE horizontal σ 3 with a stress ratio of 0.667, NE horizontal σ 1 and SE horizontal σ 3 with a stress ratio of 0.3609, and slightly SW-plunging σ 3 and NW horizontal σ 1 with a stress ratio of 0.6436 were identified, respectively (Fig. 2 and Table 2 ). Although the number of slip data is small in some cases, all of the obtained principal stress orientations are basically consistent or complementary for σ 1 and σ 3 in the directions NE and/or NW with slight variations. The results correspond to the data from Lewis et al. (2013) , and they are also consistent with the present horizontal principal stress directions estimated from borehole investigations (e.g., Lin et al. 2015) .
Discussions
Constraints on paleo-stress magnitude
Constraints on paleo-stress magnitude were derived using the same method as applied by Hashimoto et al. (2015) , combining the paleo-stress from core-scale fault inversion and from stress polygons. The relationship between stress ratio and friction limit is expressed as
where σ 1 and σ 3 are the effective maximum and minimum principal stresses, respectively, P p is pore pressure, and μ is internal friction. Here, we use the internal friction μ of 0.45-0.62 from Stipp et al. (2013) , to constrain the size of the stress polygons. S 1 and S 3 correspond to the vertical stress (Sv), the maximum horizontal stress (SHmax), or the minimum horizontal stress (Shmin), depending on fault type (normal fault regime [NF] , strikeslip fault regime [SS] , or reverse fault regime [RF]). Equation (2) is expressed by three lines in the SHmaxShmin space, defining the stress polygon (Fig. 6 ). Sv was calculated based on the depth and density of sediments for the fault slip data at 400 m for site C0001 and 1000 m for site C0002, which implies that the faults were (See figure on previous page.) Fig. 5 Relationship between effective mean stress and the maximum shear stress for each sample. The results of single compression tests and pressure stepping tests are indicated by red dots and black dots, respectively. Experimental run numbers of the study of Stipp et al. (2013; C0001E11H-1, C0006E8H-1, and C0008A9H-3) and this study (C0001E6H-1 and C0008C11H-3) are indicated. Blue lines indicate slope in mean, and the maximum shear stresses at critical state developed at these depths. This assumption will be discussed later. The assumed densities of the sediments are 1.7 g/cm 3 for site C0001 and 2.0 g/cm 3 for site C0002. Pore pressure is assumed to be hydrostatic. Although the internal friction was determined from more shallow samples, we use these values also for the sediments at 400 mbsf and 1000 mbsf. This assumption is possibly inaccurate but it introduces a minor uncertainty in comparison to the weak constraints on the stress magnitude.
The stress states estimated by core-scale fault inversion were projected onto Sv, SHmax, and Shmin. Stress summations were written as follows:
where S′ and S″ are SHmax and Shmin; d 1 , d 2 , and d 3 are the plunges of the subscripted principal stress axis; and θ 1 , θ 2 , and θ 3 are the angles between S′ or S″ and the subscripted principal stress axis projected on the horizontal surface (i.e., their trends). The stress ratio obtained from the core-scale fault inversion is adopted as well. Combining Eqs. (1), (3), (4), and (5), linear relationships between SHmax and Shmin can be converted from inverted stresses for each fault type and site. For the conversion, σ 1 , σ 2 , and σ 3 are substituted to receive these linear relationships between SHmax and Shmin (see Hashimoto et al. 2015 , for details). The direction of S′ was taken as the direction of σ 1 or σ 2 that satisfied the linear relationships in the range of SHmax > Shmin. The stress magnitudes determined in this way are used as limits on viable stress conditions for the faulted sediments recovered in the cores from sites C0001 and C0002. These constraints are displayed in the stress polygons (red segments, Fig. 6 ). The size of the stress polygons is restricted to the internal friction values of 0.45-0.62. At site C0001, the stress magnitude for normal faults is constrained to be~5 MPa for Shmin and~6 MPa for SHmax, whereas that for thrust faults is in the range of ~9-11 MPa for Shmin and 11-13 MPa for SHmax (Fig. 6) . At site C0002, the stress magnitudes for normal faults and strike-slip faults could not be constrained within the stress polygons, but close to the polygons. They can be reasonably limited to be~10 MPa for both Shmin and SHmax in the case of normal faults and larger, i. e.,~14 MPa for Shmin and 45 MPa for SHmax in the case of strike-slip faults. The stress magnitude for thrust faults at site C0002 ranges from~20 MPa for Shmin to~41 MPa for SHmax. Our results indicate lower stress magnitudes for the normal faulting regime and larger stress magnitudes for the strike-slip and reverse faulting regimes (Fig. 6) . Importantly, however, the stress magnitude results for site C0002 are not well-constrained.
Implications
Our results suggest that an integrative approach to unravel stress history, including stress magnitude, is feasible for accretionary wedge settings and potentially very useful to better understand subduction zone processes and controlling parameters in general. The approach includes (1) documenting core-scale faults, (2) inverting these for partial stress tensors, (3) characterizing material properties via triaxial compression testing, and (4) synthesizing the results in stress polygon space to evaluate stress magnitude. Our results are based on a small fault kinematic data set, emphasizing the need for additional coring in these settings wherever possible. We find relatively large variations in stress magnitude that have implications for understanding the seismic cycle of the Nankai subduction system. In particular, we find higher stress magnitudes for thrust faulting and possibly strike-slip faulting and lower stress magnitudes for normal faulting. The differences in stress magnitude are achieved by a larger change in the horizontal maximum principal stress and a smaller change in the horizontal minimum principal stress (Fig. 6) , suggesting that the overall tectonic stress state generating the horizontal stress changes from thrust or strike-slip faults to normal faults and vice versa. Similar stress changes have been reported in previous studies in onland fold-and-thrust systems (Hashimoto et al. 2014; Hashimoto et al. 2015) . They discussed that the stress changes can possibly result from the seismic cycle, in which the tectonic stress released by a large earthquake causing a decrease in horizontal maximum principal stress to a value lower than the vertical gravitational stress. This scenario might correspond to the case of this study at least for the results of site C0001.
Alternatively, the stress variations we document reflect the exhumation process for the shallow structural levels of the accretionary wedge rather than the seismic cycle. Borehole observations and anelastic strain recovery measurements indicate the normal fault stress state in the shallow portion of the accretionary wedge where vertical stress is the maximum principal stress at site C0002 (e.g., Lin et al. 2015) . Kitajima et al. (2017) recently determined the stress regime in the deeper portion of the wedge (around 1500-3000 mbsf at site C0002) where the strike-slip fault regime was recognized and the reverse fault regime can be expected to occur below. Such variations in stress regime with depth are reasonable because the horizontal tectonic stress will increase toward the plate interface (e.g., Wang and Hu 2006) .
The interpretation that the stress regime changes with exhumation of the sediments implies that the vertical movement of the sediments must account for more than 2000 m if we assume a simple vertical uplift of the sediments from the thrust or strike-slip fault to the normal fault regime. However, the stress state at site C0002 is characteristic of the strike-slip regime down to 3000 mbsf (Kitajima et al. 2017) . The consolidation state of sediments encountered at~1000 mbsf at site C0002 suggests little to no uplift (Kitajima and Saffer 2012) . Therefore, simple vertical uplift is not reasonable at this position. Alternatively, Fukuchi et al. (2017) found that the paleo-geothermal gradient at site C0002 estimated from vitrinite reflectance is larger than the current geothermal gradient and proposed that the high paleo-geothermal gradient can be a paleo-record of the frontal prism area where a high geothermal gradient is also observed at present. It is also possible that the reverse faults were developed close to the frontal thrust and the sediments were transported into the normal fault regime during growth and seaward propagation of the accretionary wedge. Consequently, our assumption that the thrust and normal faults were developed at the same depth would not be appropriate in this scenario. Hence, the tectonic evolution of the accretionary wedge is probably the most important reason why the results of site C0002 are not well-constrained. Another explanation for a changing stress regime at site C0002 is the difference in age (Pleistocene for shallow samples and Miocene for core-scale faults) allowing for tectonic changes over this time period. Furthermore, internal friction could vary significantly with depth. If internal friction increases toward depth, the stress polygon will become larger. We used a maximum value of 0.62 for internal friction taking a wide variability with depth into account.
For site C0001, although the model of a growing accretionary prism can be proposed, the current reverse fault regime is also conceivable. Thrust fault activity at shallow level was proven by frictional heating along the megasplay fault (Sakaguchi et al. 2011) . Site C0001 is located at the upper slope and close to the megasplay fault. In this case, any stress change at site C0001 could be caused by seismic cycling.
Conclusions
Constraints on paleo-stress magnitude were obtained through integration of paleo-stress states estimated from core-scale fault inversion with mechanical laboratory data obtained from triaxial compression tests on samples from the shallow Nankai accretionary wedge in the upper slope and forearc basin areas. In result, possible stress magnitudes of normal faults are smaller than those of thrust faults, which is consistent with previous studies on exhumed accretionary complexes on land. The stress magnitudes for the sediments of the forearc basin (site C0002) are higher than those for the upper slope (site C0001), but inherent errors by combining the structural and geotechnical data are relatively large. The change in stress state and stress magnitude observed in this study can be caused by the tectonic evolution of the accretionary wedge or by variations in the seismic cycle. 
